We used affinity capillary electrophoresis (ACE) to characterize a heterogeneous population of polyclonal antibody (pAb) specific to a hapten, dinitrophenol (DNP). The binding migrationshift behavior of anti-DNP pAb to DNP in electrophoretic solution was observed and the affinities of subpopulations were studied. At large DNP excess, the pAb gradually split in two peaks and finally separated at saturating DNP-concentrations. The minor peak migrates at constant time and the major peak shifts away from the other with the increasing amount of DNP.
Introduction
Polyclonal hapten-specific antibodies are known to contain a heterogeneous population of antibodies which vary in concentration and in the strength of their binding to the hapten (i.e. affinity) (1) . The problem of antibody heterogeneity and its importance in the elucidation of structure of antibodies has been studied and reviewed by several investigators (2, 3) . Observation of hapten-specific antibody subpopulations requires the ability to detect and discriminate between the hapten-anti-hapten complex and the free species by some means. A variety of experimental methods have been devised to observe antibody affinity distributions in antigenantibody reactions or to assess the heterogeneity of affinity. Most of these conventionally use radioactive equilibrium dialysis, enzyme immunoassay or a specific immunoadsorbent technique (4) (5) (6) (7) (8) . Although these methods for the detection of antigen-antibody complexes are technically simple, they tend to be slow and manually intensive.
Based on the fact that capillary electrophoresis (CE) affords the advantage of very low sample consumption, high mass sensitivity, short analysis time and automatic instrumentation, several studies have used affinity capillary electrophoresis (ACE) to study antigen-antibody interaction by a migration-shift type of experiment (9) (10) (11) (12) in which the monoclonal antibody preparation employed, at least in theory, contains a single, homogeneous population of antibody molecules specific to a well-defined epitope. However, in many situations the antibody preparation assayed contains a heterogeneous population of antibodies of different affinity for the immunogen. We, therefore, chose a polyclonal antibody (pAb) specific to a hapten, dinitrophenol (DNP), as a model to evaluate the potential of ACE for detecting anti-DNP antibody subpopulations by studying the migration-shift pattern of DNP-pAb complexes.
Materials and Methods
Chemicals and samples. All chemicals used were of analytical-reagent grade. Doubly distilled water, filtred with a 0.22-µm membrane filter, was used for the preparation of solutions and all dilutions. An anti-dinitrophenyl (DNP) antiserum (D-9656), developed in rabbit using DNP conjugated to bovine serum albumin (BSA) as the immunogen, was obtained from Sigma (St. Louis, MO, USA).
Purification of polyclonal anti-DNP antibody. Polyclonal anti-DNP antibody (immunoglobulin G) was purified from rabbit anti-DNP antiserum (Sigma, D-9656) by chromatography on DEAE-cellulose and mixed with specific immunoadsorbent which was prepared by conjugation of bromoacetyl-cellulose with dinitrophenylated (DNP) porcine gammaglobulin to remove all rabbit serum proteins, including immunoglobulins that do not specifically bind to DNP (13) . The purity of the product was identified by SDS-polyacrylamide gel electrophoresis and its specificity was proven to be reactive with DNP-BSA and DNP-RSA but not BSA (bovine serum albumin) or RSA (rabbit serum albumin) by immunoelectrophoresis.
The purified antibody was subsequently buffer-exchanged with electrophoresis buffer (65 mM boric acid-15 mM sodium tetraborate buffer, pH 8.35) by centrifugal filtration through a Mr 10, 000 cut-off concentrator (amicon, catalog No. 4205).
Instrumentation. The following ACE and CE experiments were performed on a Beckman P/ACE System MDQ equipped with an UV absorbance detector. The uncoated fused-silica capillary used through this study was 57 cm long (50 cm to the detector) with 50 µm I.D. All experiments were conducted at 22 o C. Detection was performed by measuring UV absorption at 200 nm and the detector end of the capillary was negatively polarized relative to the injector end.
P/ACE System MDQ software was used for the data acquisition. 
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Results and Discussion
Currently (Fig. 1A) under the same conditions. The free pAb in the absence of the DNP (Fig. 1B) is negatively charged at the chosen buffer pH, but moves toward the cathode because, at pH greater than 6, the electroosmotic flow in capillaries of uncoated fused silica is sufficiently high to ensure that most anions can be transferred to the negative end at alkaline pH (14) . When a 1-to 32-fold concentration of DNP over pAb binding sites (1.6 µM) is conducted with this anti-DNP pAb, the DNP-binding pAb does not produce any apparent change in the peak shape or the migration time. However, as shown in Fig 1C-F , at large DNP excess (32-to 1024-fold molar excess) the pAb gradually splits in two subpopulations, i.e., peak a and b, and the two peaks finally separate from each other at saturating DNP-concentrations (Fig. 1F) . The minor peak (a) was observed to migrate at a constant time (approximately 3.76 min after adjustment to a fixed value of the migration time of the internal marker, standard deviations obtained were 0.90, 0.88, and 0.90 % in triplicate analyses, respectively) with increasing amounts of DNP, while, when the concentrations of DNP were increased continuously, the major subpopulation (peak b) gradually shifted away from peak a. This observation can be attributed to the fact that DNP is anionic at this running pH (8.35), and, the negative charges change the charge on the complex compared to the free Ab, inducing a change in the migration time of the complex compared to the free Ab. However, why would it take 1.638 mM (1024-fold more excess) DNP to saturate the 1.6 µM maximum available binding sites if this major subpopulation of pAb (peak b) contained high (pM) affinity binding sites? A tempting conclusion would be that very few or no high (pM) affinity antibodies exist in the subpopulation, but that they are all, in fact, of low (mM) to median (µM) affinity.
On the other hand, to further characterize another minor subpopulation of pAb (peak a), we also analyze the polyclonal antibody samples (pAb) by preincubation with saturating concentrations of DNP followed by capillary electrophoresis (CE) analysis using an uncoated capillary. Figure 2 illustrates the electropherograms of the pAb samples (1.6 µM) after preincubation with saturating concentration of DNP (1638.4 µM) followed by CE analysis using an uncoated capillary (see Materials and Methods section). As a result, a symmetrical peak was observed (Fig. 2C) and there was no noticeable dissociation of the saturating DNP-pAb complex during electrophoresis. Moreover, the saturating DNP-pAb complex (migration time: 3.95 min)
exists as a more negative species compared to the free pAb (approximately 3.83 min) due to its complexation with the DNP.
Thus, based on the results obtained above from the ACE experiment and preincubation followed by CE analysis, we propose that the separated peak a shown in Fig. 1F , in fact, represents a subpopulation of low or very low affinity antibodies present in the preparation. In the ACE experiment ( Fig. 1) , they are able to participate in a dynamic on-off equilibrium throughout the electrophoresis, while the higher affinity antibodies (peak b) were more strongly bound; however, they (peak a) did not induce an appreciable migration change of pAb during the run (10 min) even though experiments were conducted in excess of ligand.
In is obtained and the antibody affinities can be observed. It is found that very few or no high affinity antibodies exist in the preparation but that they are all in fact of low to moderate affinity.
In view of the rapidity and the simplicity of ACE technique for analyzing the heterogeneous population of anti-DNP antibody, ACE should be generally useful for checking the polyclonal antibody subpopulations specific to other haptens. 
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